Abstract:In the current research, the sulfonated metal-organic framework loaded on iron oxide nanoparticles, Fe 3 O 4 @MIL-100(Fe)-OSO 3 H, has been synthesized and utilized as a Fenton-like catalyst for the decolorization of aqueous solutions containing methyl orange (MO) dye as a model organic pollutant. The morphology and structure of the catalyst were characterized by X-ray powder diffraction, transmission electron microscopy, Brunauer-Emmett-Teller analysis, thermogravimetric analysis, Fourier transform infrared spectroscopy, and UV-Vis diffuse reflectance spectroscopy. The effects of various parameters on MO degradation were investigated and the optimum conditions for MO degradation were found to be an initial concentration of MO of 100 mg/L, initial concentration of H 2 O 2 of 40 mg/L, pH 3.0, and microwave power of 500 W. The results indicated that the removal of the MO was fast; the kinetic data followed a pseudo first-order model and under microwave irradiation time of 6 min it degraded up to 99.9%. Thus, microwave-induced Fenton-like degradation using Fe 3 O 4 @MIL-100(Fe)-OSO 3 H is a promising technology for the removal of dye from wastewater.
Introduction
Dyes are synthetic aromatic organic compounds that are widely used in the textile industry.
1 They are mostly nonbiodegradable, 2 they pose a serious threat to aquatic life, and some of them are known to have serious genotoxic effects on humans. 2 Methyl orange (MO) (C 14 H 14 N 3 NaO 3 S) is extensively used as an indicator in laboratories. It is also used in paper manufacturing, textile, printing, pharmaceutical, and food industries. The effluents of industries containing MO dyes are discharged into water bodies, causing many health hazards.
2
Various physical, chemical, and biological methods such as adsorption. 4 coagulation,. 5 reverse osmosis, of different organic materials. The Fenton-like reaction is a developing advanced oxidation technology for the treatment of industrial wastewater containing nonbiodegradable organic pollutants. 9 Fenton-like processes can be performed in homogeneous or heterogeneous mode; the heterogeneous mode has the advantage of ease of catalyst separation from the treated sample without production of iron sludge. However, the efficiency of treatment with heterogeneous Fenton-like catalysts alone is not very good and it requires external energy. 15 In this regard, irradiation with various sources including ultraviolet light, 16 ultrasound, 17 and microwave 15 energy has been used for increasing the efficiency and speed of the heterogeneous catalyst Fenton-like reaction.
18,19
Among these sources of energy, irradiation of the Fenton-like reaction with microwave (MW) energy is one of the most promising technologies used for the degradation of organic pollutants. 15 Microwaves with wavelength between 1.0 mm and 1.0 m provide rapid heating of materials and may offer a potential solution to the kinetic problems of photodegradation technology. Microwave irradiation causes rapid rotation of the polar molecule in the solution, brings about a thermal effect, and consequently heats the solution. Microwave irradiation can also change the thermodynamic behavior of the system by weakening the chemical bond intensities of molecules and reducing the activation energy of reaction. 20 Recently, it was demonstrated that microwaves as the source of energy provide better degradation efficiency than traditional treatment methods.
21
The application of nanomaterials as heterogeneous catalysts in water purification has attracted considerable attention. 22, 23 However, due to some problems such as limited specific surface area and poor quantum efficiency, nanomaterials have low adsorption as well as degradation capacity, which must be solved for extending their application. 24 NPs, MIL-100(Fe) and Fe 3 O 4 @MIL-100(Fe), of our previous study. 44 As demonstrated, the XRD pattern of show that two-step weight loss occurs in the temperature region of 300-850 K. The first one (about 14.0 wt.%) was observed from 320 to 380 K, which could be assigned to the loss of the residual or absorbed water. The second weight loss occurs from 600 to 800 K, which was assigned to the decomposition of the MOF. According to the mass loss in TGA of Fe 3 O 4 @MIL-100(Fe)-OSO 3 H and MIL-100(Fe), about 14 wt.% of Fe 3 O 4 @MIL-100(Fe)-OSO 3 H is iron oxide nanoparticles.
The optical absorption property of a semiconductor, related to its electronic structure, is recognized as one of the most important factors in determining its photocatalytic activity. The diffuse reflectance absorption spectra of the Fe 3 O 4 @MIL-100(Fe)-OSO 3 H and iron oxide nanoparticle catalysts are shown in Figure 3a catalysts was constructed ( Figure 3b ) and the band-gap energy for 
Effect of nature of degradation system and degradation time
In As shown in Figure 4 , the concentration of MO in all the degradation systems decreased during the first 6 min of irradiation and then remained constant, so for further experiments, a period of 6 min was selected as the 
Influence of microwave power
Microwave power, as the only energy source in the microwave-enhanced Fenton-like degradation process, can be a crucial factor in the degradation of pollutants. The effect of the microwave power on the degradation of MO by Fe 3 O 4 , Fe 3 O 4 @MIL-100(Fe), and Fe 3 O 4 @MIL-100(Fe)-OSO 3 H was studied by varying the microwave power within the range of 100-500 W. Due to instrumental limitations, no higher power was considered. It was found that the MO degradation increased with an increase in microwave power (Figure 4b ). This is because at a higher microwave power the formation of "hot spots" 42 on the surface of MOFs and HO · radical in the aqueous solution is enhanced, which results in the higher degradation efficiency of MO. Furthermore, the extent of degradation with microwave power was always higher with the Fe 3 O 4 @MIL-100(Fe)-OSO 3 H /MW system.
Hence, in subsequent experiments, a microwave power of 500 W combined with the Fe 3 O 4 @MIL-100(Fe)-OSO 3 H catalyst was used.
Microwave-enhanced degradation kinetics
The decomposition kinetics of MO with the microwave-enhanced Fenton-like degradation process followed an exponential decay (Figure 5a ) and was analyzed by fitting the data to the pseudo first-and pseudo second-order rate equations. rate constants for pseudo first-order and pseudo second-order reactions were calculated and are represented in Figures 5b and 5c , respectively. The high rate constant of the pseudo first-order reaction demonstrated that the microwave-enhanced Fenton-like degradation of MO is rapid.
15,21

Effect of MO initial concentration
From a mechanistic and application point of view, it is important to investigate the effect of substrate concentration on catalytic reaction efficiency. (Figure 5a ) showed that at a given time the decolorization of MO decreased with an increase in the initial concentration of MO. This could be because an increase in the initial concentration of dye causes more dye molecules to be adsorbed into the surface of the Fe 3 O 4 @MIL-100(Fe)-OSO 3 H catalyst so that the microwave-generated holes or hydroxyl radicals are not sufficient for direct contact with the sorbed dye molecules in the reaction. Furthermore, at higher concentrations, the dye molecules adsorb more microwave energy and so less energy reaches the catalyst surface. Thus, the combination of these effects causes a decrease in the degradation efficiency of MO at higher initial concentrations.
Effect of catalyst concentration
The 
Effect of pH
The influence of the pH of the solution on the degradation of MO in the microwave-enhanced Fenton-like process with Fe 3 O 4 @MIL-100(Fe)-OSO 3 H as the heterogeneous catalyst was studied by varying the pH in the range of 1.5 to 9.0 and the results are presented in Figure 6b . It was observed that the microwave-enhanced degradation of MO was significantly influenced by pH and the degradation efficiency decreased with increasing pH value. A possible explanation for this observation is that, in alkali media, H 2 O 2 loses its oxidizing ability due to its decomposition to H 2 O and O 2 and the charge of the MOF becomes negative, which decreases its affinity for the sorption of MO (having a negative SO
2− 4
group). Moreover, as the efficiency of degradation of MO at pH levels of 3.0 and 1.5 was similar (∼ 98.0 %), a pH of 3.0 was selected as the optimum pH in the subsequent work.
Effect of H 2 O 2 concentration
The effect of the H 2 O 2 concentration, the main source of HO · radicals in the Fenton-like system, on the decolorization of MO was also investigated by varying its concentration within the range of 0-70 mg/L while keeping the other experimental factors at optimum levels. The results (Figure 7) 
Recycling of catalyst
The reusability of a catalyst adds to the favorability of the process by reducing the total cost of the process. Consequently, reusing a catalyst is very important and has great significance in its usefulness. To evaluate the reusability of the catalyst (Fe 3 O 4 @MIL-100(Fe)-OSO 3 H), a recycling process was carried out for the degradation of MO over Fe 3 O 4 @MIL-100(Fe)-OSO 3 H/MW in the presence of H 2 O 2 . After the decomposition process was completed, the Fe 3 O 4 @MIL-100(Fe)-OSO 3 H catalysts were separated from the solution mixture by the application of an external magnetic field, washed with ethanol, and vacuum-dried at 55
• C before commencement of the next cycles. The results revealed that after ten cycles the efficiency of the degradation was more than 90.0%, indicating that the catalytic activity of Fe 3 O 4 @MIL-100(Fe)-OSO 3 H is stable and it is reusable for at least ten cycles.
Degradation mechanism
Microwave irradiation combined with MOFs (modified with iron oxide nanoparticles and a sulfonate group) resulted in the degradation of MO, a process referred to as microwave-enhanced Fenton-like degradation. The MO degradation mechanism can be based on the presence of Fe 3 O 4 nanoparticles in the MOF structure, as expressed in Eqs. (1) are able to promote the generation of hydroxyl radicals through the decomposition of H 2 O 2 , leading to the improvement of the oxidative capacity of the system. The general scheme for microwave-enhanced Fenton-like degradation of MO is presented in Figure 8 . 
Conclusions
The present work reports the fabrication of the Fe 3 O 4 @MIL-100(Fe)-OSO 3 H composite by a facile, efficacious, and environmentally friendly method. The morphology and structure of the catalyst were studied by XRD, BET, TEM, TGA, FT-IR, and DRS analyses. The catalytic activity of the sulfonated MOF loaded on the iron oxide catalyst composite was examined by the degradation of MO in aqueous solutions under microwave irradiation. It was shown that microwave irradiation improved the efficiency of the Fenton-like degradation process by the surface-modified MOF catalyst. 
Catalyst preparation
The Fe 3 O 4 @MIL-100(Fe) catalyst was prepared as described in our previous study. 44 The sulfonated MOF loaded on iron oxide nanoparticles (Fe 3 O 4 @MIL-100(Fe)-OSO 3 H) was synthesized according to the method given in the literature for sulfonation of MIL-100(Cr). 53 Thus, in a typical procedure, 0.5 g of Fe 3 O 4 @MIL-100(Fe) was suspended in 30 mL of absolute ethanol and 1 mmol (0.0056 g) AMSA was added. The mixture was refluxed for 12 h with continuous stirring. The product was filtered, washed with deionized water, and dried at room temperature.
Instrumentation
The porous structures of the prepared nanomaterials were studied by powder XRD (Philips 1830 diffractometer 
where C • and C t are the initial and instant (at any time during reaction) concentrations of MO solution, respectively. After the reaction was completed, the catalyst was recovered by application of an external magnetic field, washed with ethanol, vacuum-dried at 55
• C, and used in the processing of the next sample.
